We describe x-ray diffraction and magnetic measurements of annealed MnPt and NiMn spin valves as a function of MnPt ͑NiMn͒ film thickness. Thin films (Շ5 -10 nm) are not chemically ordered and hence not antiferromagnetic, which explains the lack of exchange coupling in these films. With increasing thickness, the L1 0 chemical order develops ͑through coexistence between fcc and L1 0 phases͒ and there is a strong correlation between chemical order and exchange coupling. The lack of chemical order in the thin films is likely due to a lack of nucleation sites for the L1 0 phase. © 2002 American Institute of Physics. ͓DOI: 10.1063/1.1528279͔ Spin-valve magnetic recording sensors employ an antiferromagnetic ͑AF͒, exchange biasing layer to pin the direction of the reference ferromagnetic layer, while the free ferromagnetic layer can rotate due to the magnetic field from the recording disk.
Spin-valve magnetic recording sensors employ an antiferromagnetic ͑AF͒, exchange biasing layer to pin the direction of the reference ferromagnetic layer, while the free ferromagnetic layer can rotate due to the magnetic field from the recording disk.
1 Chemically ordered L1 0 alloys, such as MnPt, 2 MnNi, 3 and MnPd, 4 are one class of AF materials widely used as exchange bias layers. These have a chemically disordered fcc structure as deposited, but upon annealing, they form an L1 0 structure, where there are alternating atomic planes of Pt and Mn along the c-axis. 5 This phase is antiferromagnetic, while the fcc phase is nonmagnetic. In the spin valve, the exchange bias or coupling must be strong enough that the sensor is stable. Previous experiments have shown that the exchange bias decreases with decreasing AF thickness and that a critical thickness of the AF layer is needed to develop exchange coupling 3, [6] [7] [8] both in the L1 0 alloys as well as chemically disordered alloys. 8, 9 If the AF thickness is too thin, there is insufficient coupling for the spin valve to function. It has been suggested, based on the AF grain size in FeMn and CrMnPt, that the critical thickness is that where the AF becomes thermally unstable. 6, 10 On the other hand, it has been suggested that for CoO/NiFe bilayers, the decrease in exchange with decreasing CoO thickness is caused by the finite-sized scaling of the Neel temperature. 11 Understanding this decrease in exchange is important since in future sensors the total spin valve thickness must significantly decrease, and the AF film is by far the thickest layer in the spin valve.
To better understand the cause of this critical thickness, we have conducted x-ray diffraction ͑XRD͒ measurements of the structure and chemical order in annealed MnPt and NiMn top spin valves as a function of AF film thickness ͑5-25 nm͒. Our results show that there is a strong correlation between chemical order and exchange coupling. Films thinner than the critical thickness are not chemically ordered and hence not antiferromagnetic, which explains the lack of coupling in these films. With increasing thickness, there is coexistence between fcc and L1 0 phases, with the L1 0 phase growing at the expense of the fcc phase. We suggest that the lack of chemical order in the thin films is due to a lack of nucleation sites for the L1 0 phase.
The film structure for the MnPt spin valves was Si substrate/Ta ͑5 nm͒/NiFe ͑7 nm͒/CoFe ͑1.2 nm͒/Cu ͑4 nm͒/Co ͑1.8 nm͒/MnPt/Ta ͑5 nm͒ and for the MnNi spin valves Si substrate/oxide seed-layer/NiFe ͑6 nm͒/CoFe ͑1.2 nm͒/Cu ͑3.8 nm͒/Co ͑2.1 nm͒/NiMn/Ta ͑5 nm͒. The Mn concentration in both AF structures was about 54%. Both structures were deposited by a hybrid ion beam deposition/ physical vapor deposition and were annealed at 280°C for 2 h. Hysteresis loops were measured with a vibrating sample magnetometer at room temperature, unless otherwise noted. A variety of XRD data were collected to determine the extent of chemical order, lattice parameters, extent of the ͑111͒ texture, and grain size. Most of the measurements were performed at the National Synchrotron Light Source beamline X20 with an energy of about 10 keV using a Ge detector to eliminate the third row transition metal x-ray fluorescence. For the NiMn spin valves, the chemical order was measured using an energy of 6.52 keV; this is just below the Mn K edge, which significantly enhances the scattering contrast between Ni and Mn. 12 Some data on the film texture were obtained with a lab-based source using Cu K ␣ radiation. Figure 1 shows the hysteresis loops for the PtMn spin valves ͑5-20 nm͒. The thinnest film has no exchange bias, but as the MnPt thickness grows to 10 nm, the exchange bias develops and then slowly increases. Likewise, the pinned layer coercivity increases with increasing MnPt thickness. This behavior is similar to that seen in other exchange bias systems. 3,6 -9 Hysteresis loops obtained at 120 K for the 5 nm film also show no exhange bias, which establishes that thermal effects are not important in determining the onset thickness. Figure 2 shows diffraction data for MnPt spin valves obtained with grazing incidence and exit angles ͑measuring planes perpendicular to the substrate͒. There are several structural changes with MnPt thickness. First, the thinnest film is chemically disordered ͑fcc͒. Hence, the lack of ex-change bias in films this thin is due to the fact the MnPt is not antiferromagnetic. With increasing thickness, the L1 0 superlattice peaks appear, signaling the presence of chemical order and antiferromagnetism. Second, focusing on the region of Fig. 2 near Qϭ4.5 Å Ϫ1 , the presence of the fcc ͑220͒ and the L1 0 ͑202͒ and ͑220͒ diffraction peaks for 10 and 15 nm MnPt shows that in these films there is two-phase coexistence between fcc and L1 0 MnPt phases. For the 20 nm MnPt, the fcc peak is absent and the film is fully L1 0 .
The extent of chemical order has been quantified using the Warren long-range order parameter S, which is zero for no chemical order, unity for complete order, and is proportional to the number of Pt ͑or Mn͒ atoms on the right lattice sites. 5, 13 We are using S averaged over both fcc and L1 0 regions in the film, since this gives the average chemical order in the AF film. 5 S is calculated from the ratio of the integrated intensity in the L1 0 ͑110͒ peak to sum of the integrated intensities in the L1 0 ͑202͒ and ͑220͒ and fcc ͑220͒ peaks. Figure 3 shows S for both MnPt and MnNi spin valves along with the exchange bias (H eb ). It is apparent that both H eb and S develop with increasing thickness, that there is a strong correlation between these quantities for both spin valves, and that strong exchange coupling only develops for highly ordered MnPt and NiMn. The strong correlation is consistent with previous studies on NiMn/NiFe and MnPt/ NiFe bilayers annealed for different times.
14,15 Importantly, the results in Fig. 3 show that there is no exchange for thin films because there is no chemical order in these films ͑i.e., the MnPt is not antiferromagnetic͒. Hence, for MnPt and MnNi, this is the origin of the critical thickness, as opposed to thermal instability caused by small AF grains or finitesized scaling of the Neel temperature.
As mentioned previously ͑see Fig. 2͒ , for 10 and 15 nm MnPt films there is two-phase coexistence between fcc and L1 0 MnPt phases. A peak fitting analysis of the diffraction data shows that the fcc ͑220͒ peak is significantly broader than the L1 0 ͑220͒ or ͑202͒ peaks. Hence, in these two-phase films the grain size in the L1 0 phase is larger than in the fcc ͑untransformed͒ phase. Specifically, the coherence length of these peaks is 10 nm in the L1 0 phase, but is only 6 nm in the fcc phase. For the MnNi spin valves with thicknesses between about 10 and 20 nm, we observe similar two-phase coexistence in MnNi film with a similar dependence on the grain size.
The coexistence of the fcc and L1 0 phases in these spin valves possibly indicates that at the ferromagnet-AF interface, the AF exists in the disordered, fcc phase. Indeed, this has been suggested for NiMn. 16 To test this idea, we have performed diffraction measurements in which the penetration depth of the x rays is varied from about 3 nm up to Ͼ100 nm. 17 For the 10 and 15 nm MnPt spin valves ͑with fcc and L1 0 coexistence͒, we find that there is no dependence In this geometry, we are measuring planes perpendicular to the sample normal. The intensities have been normalized so that the integrated intensity in the fcc ͑220͒ and L1 0 ͑202͒ and ͑222͒ peaks are the same. Q is the scattering vector which has a magnitude Q ϭ(4/)sin , where is the x-ray wavelength. Some of the peaks are labeled; any unlabeled peaks are from MnPt except the peak near Q ϭ5 Å Ϫ1 , which is from the CoFe, Cu, NiFe, and Co layers. of the extent of chemical order on the x-ray penetration depth. Hence, there is no chemically disordered region near the ferromagnet-AF interface, to within the measurement sensitivity of about 0.5 nm.
As is also apparent in Fig. 2 , the texture changes with increasing thickness, as seen by the increasing intensity of the MnPt ͑111͒ peak with increasing MnPt thickness. Pole figures of the MnPt ͑111͒ peaks ͑not shown͒ demonstrate that there is strong ͑111͒ texture in the as-deposited and 5 nm annealed films. With increasing chemical order, this changes to ͑111͒ texture plus a nearly isotropic contribution. For the 10 and 15 nm films, the portion of the film with strong ͑111͒ texture consists of both fcc and L1 0 phases, while the isotropic part is fully L1 0 . The isotropic part increases with more developed chemical order ͑thicker MnPt͒. It is likely that this change is a result of the nucleation and growth process for the formation of the L1 0 phase. A similar behavior is observed for the NiMn spin valves, but is less pronounced because the initial ͑111͒ texture is less strong.
It is interesting to note that NiMn spin valves and FePt films ͑which is a high anisotropy material that may be useful as an advanced recording media 18 ͒ show a similar dependence of the chemical order on film thickness. This suggests a common mechanism that slows the chemical ordering for thin films. In these annealed films, the chemically ordered phase forms by nucleation and growth, as evidenced by the two-phase coexistence mentioned earlier. It is reasonable to believe that the transformation rate into the L1 0 phase is limited by nucleation, since the grains in the L1 0 phase are large and do not have as strong a preferred orientation as do the as-deposited films. If this is the case, then the lack of chemical order in the thin films is due to a lack of nucleation sites, since for a given concentration of nucleation sites, thinner films will have fewer sites. This idea is consistent with the observation that for films deposited under conditions leading to large ͑initial͒ grains, the transformation into the L1 0 phase is slower than that for films that have initially smaller grains. 19 We thank K. Hannibal and J. Hedstrom for assistance with the data analysis. This research was carried out ͑in part͒ at the National Synchrotron Light Source, Brookhaven National Laboratory, which is supported by the U.S. Department of Energy, Division of Materials Sciences and Division of Chemical Sciences, under Contract No. DE-AC02-98CH10886.
